Abstract Peatland ecosystems are generally carbon (C) sinks. However, the role of dissolved organic C (DOC) relative to gaseous fluxes of CO 2 and CH 4 in the C balance of these ecosystems has not often been studied. Dissolved C fluxes are important for understanding C partitioning within the peatland and the potential C drainage from it. This research was conducted in Burns Bog, a heavily impacted ecosystem near Vancouver, Canada, undergoing ecological restoration efforts by rewetting. Here we present data on (i) ecosystem-scale fluxes of CO 2 (net ecosystem exchange, NEE) and CH 4 ( . Most of this offset occurred during the wetter nongrowing season when gross primary production was low and fDOC was relatively high.
Introduction
Most peatlands are ecosystems where gross primary production (GPP) exceeds organic matter decomposition resulting in an accumulation of partially decomposed organic matter (i.e., peat). Although these ecosystems only cover about 3% of the Earth (Joosten et al., 2012) , they are considered to be global hotspots of biological diversity (Gibbs, 2000; Junk et al., 2006) , and significant provisioning systems for ecosystem services, including control of water quality and quantity, biodiversity support, and carbon (C) storage (Gorham, 1991; Page et al., 2011; Rocha & Goulden, 2009 ).
While peat ecosystems store massive amounts of C, they are also a source of greenhouse gases since they typically emit methane (CH 4 ) to the atmosphere, depending on environmental conditions. CH 4 emissions from peatlands are estimated to represent 15% to 20% of the current global CH 4 emissions of 115-227 Tg CH 4 year −1 (Bloom et al., 2010) . Undisturbed peatlands are usually long-term soil C sinks, with CH 4 emissions counterbalanced by CO 2 uptake and storage (Frolking et al., 2011) . However, peatlands are being increasingly drained to extract peat for biological and horticultural uses or to use the land for forestry, agriculture, pasture, and urban development (Anderson et al., 2016; Davidson, 2014; Gumbricht et al., 2017) . These disturbances are turning peatlands from C sinks to C sources at an accelerating pace (Frolking et al., 2011; Gumbricht et al., 2017; Petrescu et al., 2015) .
Due to their ecological significance, peatland restoration projects have begun around the world (Cris et al., 2011; Andersen et al., 2017) . The methodologies for restoration vary considerably based on the type of peatland, as well as on the ecological state and the type of activities that have taken place. The most common approaches to restoration include raising the water table through gully and ditch blocking (Evans et al., 2005) and reseeding or planting bare surfaces to provide habitats for native species colonization and to increase relative humidity near the peat surface (Petrone et al., 2003) . These interventions can have an immediate effect on the dynamics and state of the bog. Previous studies have shown that elevating the water table level can be an effective restoration strategy, although CH 4 emissions could increase (Christen et al., 2016) . In general, rewetting bog ecosystems reduces carbon dioxide (CO 2 ) emissions by promoting reestablishment of bog vegetation, but rewetting can also increase the production of CH 4 due to the reestablishment of an anoxic environment (Moreno-Mateos et al., 2012; Venterink et al., 2002; Zerbe et al., 2013) . It is also unclear how fluxes during restoration compare to longer-term fluxes following restoration efforts. Furthermore, research suggests that CH 4 emissions could offset CO 2 uptake by peatlands for hundreds of years before being compensated by C uptake because CH 4 has a significant warming effect in the atmosphere (positive radiative forcing; Frolking et al., 2006; Gumbricht et al., 2017) . Therefore, understanding C dynamics of restored peatlands is of extreme importance to predict the resilience of peatland ecosystems on the face of climate change and increasing anthropogenic interferences. Such knowledge is crucial to formulate appropriate strategies to better manage these ecosystems (Billett et al., 2015; Gumbricht et al., 2017) .
Current studies on the C budget in peatlands focus mainly on accounting for the C absorbed by GPP and released as CH 4 emissions and by ecosystem respiration (R eco ) often measured by eddy-covariance (EC) systems (Baldocchi, 2003) . This allows characterizing the net ecosystem exchange of CO 2 (NEE) as the difference between R eco and GPP where negative values of NEE indicate net C accumulation by the terrestrial ecosystem from the atmosphere (i.e., a C sink).
However, peatlands can have significant spatial heterogeneity and the surface can alternate between open water bodies and different vegetated surfaces (Hamilton et al., 1994; Pelletier et al., 2014; Waddington & Roulet, 2000) . Surface waters associated with peatlands are often supersaturated with CO 2 and CH 4 (Billett & Moore, 2008; Hope et al., 2001; Kuhn et al., 2018) . Therefore, they represent an important pathway for CO 2 and CH 4 emissions to the atmosphere. This gaseous evasion, together with the lateral export of dissolved organic C (DOC) from open water areas play an important role in determining whether a peatland is a C sink or C source. Despite this, not many studies integrate the major atmospheric and aquatic fluxes together. A recent review by J. R. Webb et al. (2018) showed that only 40% of the studies on C budgets include aquatic C evasion. Moreover, most of the studies do not cover the entire annual cycle because the surface is frozen for several months (Repo et al., 2007; Waddington & Roulet, 2000) .
As an extension to NEE, Chapin et al. (2006) proposed the concept of the net ecosystem C balance (NECB) to include CH 4 fluxes as well as lateral C transfers such as DOC exported by surface water systems or leached to groundwater. This way, NECB considers more fluxes than NEE, which can be particularly important over long time scales, especially in peatlands, as well as accounting for the role of smaller fluxes that can help better resolve the C balance beyond describing it as the difference between the major ecosystem fluxes of GPP and R eco .
The current study explores the C balance of a raised dome peat bog ecosystem near Vancouver, Canada, that is undergoing restoration via ditch blocking to elevate the water table level (Howie et al., 2009; Howie & van Meerveld, 2013) . Using measurements of (i) ecosystem-scale fluxes of CO 2 and CH 4 determined by EC, (ii) evasion fluxes of CO 2 and CH 4 from the open water surface determined by headspace equilibration, and (iii) DOC fluxes (fDOCs) in water draining from the study site, we sought to evaluate the following aspects regarding C dynamics in the peatland system: (1) the seasonal dynamics of C fluxes and the annual C budget, (2) the significance of open water contribution to the ecosystem-scale CO 2 and CH 4 fluxes, and (3) the contribution of DOC drainage flux to the NECB budget at annual and seasonal scales.
Materials and Methods

Study Site
This study was conducted at Burns Bog (Fluxnet ID "Ca-DBB"), an acidic (pH~4.5), nutrient-poor peat bog located on the delta of the Fraser River in British Columbia, Canada ( The climate in the area is characterized by warm dry summers and mild wet winters. December typically is the month of peak precipitation and July is the driest month. The mean annual temperature in the area is 10.0°C, and mean annual precipitation is 1,115 mm (Environment Canada, 2018) . In this paper, we differentiate between the drier growing season periods (April-September) and the wetter nongrowing season periods (October-March).
Burns Bog is a strictly ombotrophic bog (Hebda et al., 2000) , so precipitation is the only water input. The water flows radially from the center to the edges of the bog. At the study site, the water moves toward the north edge of the bog, with important westward and eastward contributions (Hebda et al., 2000; Whitfield et al., 2006) .
The peat deposits vary in thickness and degree of decomposition within the bog. At the center of the bog, the peat thickness varies from 4 to 7 m, although there have been reports of depths up to 9 m (Hebda et al., 2000; Howie & van Meerveld, 2013) . At the periphery, the peat is only 1 m thick (Hebda et al., 2000) . The main species are Sphagnum moss and Rynchospora alba, both of which are native bog vegetation. There are also some trees, mainly lodgepole pine and birch species, growing at the edges of the bog (Hebda et al., 2000) .
The studied peatland has undergone changes starting with the first European settlers who introduced farming in the bog's surroundings as early as the 1870s, with farms becoming well established at the bog's periphery by the 1900s (Hebda et al., 2000) . Peat harvesting started during the 1930s and continued into the 1980s with drainage ditches built to facilitate peat removal (City of Delta, 2018) . The outer edges of the bog, particularly to the south and west, were drained and filled with mixed soil for conversion to farmland (Hebda et al., 2000; Metro Vancouver, 2007) . As a result of all these disturbances, the original bog was reduced significantly from an area of 50 km 2 to about 30 km 2 , with an average elevation closer to 2-3 m above sea level, compared to the 4-5 m original elevation (Howie et al., 2008) .
Restoration efforts were implemented by the city of Delta starting in 2001, primarily by blocking former drainage ditches (Howie et al., 2009) . In March 2004, several levels of government bodies purchased 20.4 km 2 of
Burns Bog to create a conservation area in order to preserve and restore the ecosystem (Metro Vancouver, 2007) . While not pristine, the bog is believed to maintain enough of its ecological integrity to achieve its complete restoration over time (Christen et al., 2016) .
EC Flux Tower Measurements
For the current study, climatic variables and gas fluxes of CO 2 , CH 4 , and H 2 O were monitored at the site during an entire annual cycle from 15 June 2016 to 14 June 2017. Gas fluxes were measured using an EC system mounted at a height of 1.8 m on a 4-m tall flux tower supported on a floating platform. Journal of Geophysical Research: Biogeosciences method, spike removal, block averaging, and time-lag removal by covariance maximization (Moncrieff et al., 1997) . Corrections were made for the effects of air density fluctuations on the CO 2 , CH 4 , and H 2 O fluxes (Webb et al., 1980) . Additionally, precipitation measurements were obtained at the site using an unheated tipping bucket rain gauge (TR-525 M, Texas Electronics, Dallas, TX, USA) installed at 1 m height on a post located 10 m north of the tower. Air temperature and relative humidity were measured at 2.0 m height using an HMP-35A sensor (Vaisala, Finland) located at the EC tower. Vapor pressure deficit was calculated from 2.0 m height air temperature and relative humidity. Wind direction and wind speed were measured at 2.0 m height using an ultrasonic anemometer (CSAT3, Campbell Scientific). Soil temperature (at the 0.05-, 0.10-, and 0.50-m depths) and water temperature (at a constant depth of 0.10-and 0.30-m from the soil surface) were recorded using thermocouples (type T, copper-constantan). Water table height was monitored using a pressure transducer (CS400, CSI) installed in an observation well less than 5 m from the tower. Incoming and outgoing components of short-wave and long-wave radiation were measured continuously during the study period using a four-component net radiometer (CNR1, Kipp and Zonen, Delft, Holland). Finally, incoming and outgoing photosynthetically active radiation were recorded using two LI-190 quantum sensors (LI-COR Inc.).
Data gaps in the climate variables and EC-derived fluxes were experienced during the study period due mainly to energy constraints (prolonged cloudy periods in the winter that impeded sufficient recharging of the system batteries) since the station was powered by solar panels. Major gaps result from a period when a fire occurred within the conservation area (08 July 2016 to 21 July 2016), resulting in clogging of the LI-7200 air filter and malfunction of the sensor due to the high concentration of particulate material in the air, and an additional period of instrumental failure (14 December 2016 to 20 January 2017). 2.2.1. Data QA/QC, Data Gap-Filling, and CO 2 Partitioning CH 4 fluxes from the open path gas analyzer were filtered out during rainy periods and when the signal strength of the LI-7700 was below 20% following manufacturer guidelines (LI-COR LI-7700 Instruction Manual, 2011). CO 2 and water fluxes were excluded when the infrared signal strength was below 80% as per manufacturer recommendations. Data filtering based on signal strengths resulted in an exclusion of 21.2%, 13.0%, and 17.4% of the CH 4 and CO 2 and H 2 O available fluxes, respectively. Additionally, EC fluxes were excluded when there was insufficient turbulence (low friction velocity, u * ), since adequate air mixing is necessary for EC measurement of ecosystem fluxes. We used the R package REddyProc version 1.1.5 (Wutzler et al., 2018) to filter the 30-min data record of CH 4 , CO 2 , and H 2 O. The tool estimates a distribution of u * thresholds (5%, 50%, and 95%) using a moving point test (Papale et al., 2006) and then filters the data for each percentile. After this QA/QC process, 58% of the CO 2 and 44% of the CH 4 30-min available data remained for the analysis.
EC data gap filling was also performed using the REddyProc package (Wutzler et al., 2018) . This tool considers the covariation of fluxes with meteorological variables and the temporal autocorrelation of the fluxes (Reichstein et al., 2005; Wutzler et al., 2018) . Missing data for meteorological variables (air temperature, relative humidity, and barometric pressure) resulted from power issues and were gap-filled using data collected by Environment Canada's Delta-Burns Bog climate station around 1 km to the West of the flux tower.
Following gap filling, the partitioning of NEE (the sum of EC CO 2 flux and change in air column CO 2 storage) into R eco and GPP was performed using REddyProc based on the Reichstein et al. (2005) method, also known as nighttime-temperature based partitioning. Here, we report negative values of NEE as uptake of CO 2 by the ecosystem. While some studies report the NEE CH4 as the net ecosystem CH 4 exchange (e.g., Wong et al., 2018) , we refer to CH 4 fluxes in this study as FCH 4 .
Land Cover Classification
We used a supervised land cover classification on a geometrically rectified Google Satellite image (https:// earth.google.com) to provide a first-order approximation of the open water fraction within the flux tower footprint. For this classification, we selected training locations from the image and then performed the classification using the semiautomatic classification plugin (version 6.2.3) in QGIS (version 3.0). The accuracy of the classification was estimated using an error matrix (i.e., confusion matrix), provided by the semiautomatic classification plugin.
To determine the water coverage inside the flux footprint, we modeled the tower footprint on half-hour scale according to Kljun et al. (2015) and superimposed each of the resulting footprints over the classified image. We then counted the water pixels that were inside the 90% flux contour to estimate the water cover percentage for each half-hourly flux footprint.
Water Sample Collection and Analysis
Water samples were collected 1-2 times per month at five locations ( Figure 2 and Table S1 ), two of which were located inside (Locations 4 and 5) and three outside the cumulative 90% flux contour (Locations 1, 2, and 3; Figure 2 ) within 150 m from the tower. Water samples from the pools were not collected from late June to early September 2016 when the water table of all the pools was at or below the ground surface. Sampling was performed consistently between 11 am and 12 pm. Water was collected just below the surface in pre-washed 100-ml plastic bottles that were taken to the laboratory and analyzed for DOC concentration within 5 hr of collection.
DOC Concentration Measurements and fDOC Calculations
Water samples were analyzed on a Shimadzu TOC-V total organic C analyzer (Shimadzu, Inc., Kyoto, Japan) to estimate DOC concentrations ([DOC]). Calibration standards of 5 and 100 mg C L −1 for total organic C analysis were prepared using potassium biphthalate.
The flux of DOC draining from the study area (fDOC) was estimated on a monthly basis using the site water balance in combination with [DOC] data using
where P is precipitation (mm month
), ET is evapotranspiration (mm month −1 ) obtained directly from the EC H 2 O flux measurements, ΔS is the change in storage (mm month −1 ) obtained from the monthly difference in water table height, and [DOC] is the mean concentration of DOC of the water samples (mg DOC L −1 ) from locations 3, 4, and 5. Locations 1 and 2 were excluded for fDOC estimation because they were located along a drainage channel, and could introduce bias to the estimates. We averaged [DOC] when multiple water sample collections were made within a calendar month. The resulting fDOC was estimated at monthly time steps using monthly total water fluxes (P and ET) and net monthly changes in water storage (ΔS). When P − ET − ΔS resulted in negative water balances, we assumed that fDOC was negligible. , the dissolved organic carbon sampling locations (L1-L5), the location of the EC tower and the cumulative 90% flux contour during the study period. The flux footprint was calculated using the model developed by Kljun et al. (2015) . EC = eddy covariance.
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Journal of Geophysical Research: Biogeosciences 2.4.2. Dissolved CO 2 and CH 4 Measurements Measurements of dissolved CO 2 and CH 4 were made using the headspace equilibration technique (Billet et al., 2004; Dinsmore et al., 2010; Pelletier et al., 2014) . Here, 30 ml samples of surface bog water were collected at the same five water-sampling locations described previously ( Figure 2 ) using a 60-ml syringe. Then, 30 ml of ambient air were collected with the same syringe, and the gas and water were mixed by shaking vigorously for 1 min. Next, 20 ml of the equilibrated headspace were transferred to a 12-ml evacuated exetainer (Labco Limited, Buckinghamshire, UK) using a syringe filter (Gelman Acrodisc 0.45 μm PTFE, Sigma-Aldrich, St. Louis, Missouri, USA) to trap moisture. The exetainers were stored under water to limit diffusive exchange with the atmosphere until analysis in the laboratory, which was conducted within 1 week of gas sampling. For each headspace sample, a parallel sample of ambient air was collected. The gas samples (ambient air and headspace-equilibrated air) were analyzed for CO 2 and CH 4 using a gas chromatograph (Agilent 7890A, California, USA) equipped with a flame ionization detector and an inline methanizer (Halbedel & Koschorreck, 2013; Hawthorne, 2017) .
As in the case of DOC (section 2.4), water samples for dissolved CO 2 and CH 4 analysis were not collected from late June to early September 2016 due to a low water table (lower than the bottom of the pool).
CO 2 and CH 4 Evasion Flux Calculations
Gas concentrations from the water surface (C w ) were computed from the headspace-equilibrated and air samples (C α ), respectively, using Henry's law (Dinsmore et al., 2010; Hastie et al., 2017) . These concentrations were then used to estimate instantaneous evasive fluxes (F raw ) of CO 2 and CH 4 to the atmosphere from the water surface in moles per square meter per hour using the thin boundary layer diffusion equation:
where C w is the concentration of gas in the water (mol L −1 ), C α is the concentration of gas in the air
) derived from an expression using the gas-specific Schmidt number (Sc) as follows:
where b = −0.66 for wind speed ≤3 m s −1 or b = −0.5 for wind speed >3 m s −1 , Sc 600 is the Schmidt number for CO 2 and CH 4 at 20°C (600 and 616, respectively).
Sc was found from the coefficients reported by Wanninkhof (2014) as a function of water temperature (T°C) using
Sc CO 2 ð Þ¼1923:6−125:06T þ 4:3773T 2 −0:
K 600 is the gas exchange coefficient (cm hr −1 ) normalized for CO 2 or CH 4 at 20°C in fresh water and was approximated following MacIntyre et al. (2010) as a function of wind speed at the10-m height (U 10 ) as
U 10 was approximated from the logarithmic wind profile equation for neutral conditions as
where u z1 is the wind speed at the 2-m height; z 2 and z 1 are the 10-and 2-m heights measure at the EC tower, respectively; d is the zero-plane displacement height assumed to be zero; 0.41 is the von Karman constant; and u * is the friction velocity from the EC measurements.
was at the surface level or below. For that period, samples were not collected and it was assumed that C evasion from the water was negligible.
Uncertainty Estimations 2.5.1. EC Uncertainty Estimation
The uncertainty associated with the post-processing of fluxes was estimated using the R package REddyProc version 1.1.5 (Reichstein et al., 2014; Wutzler et al., 2018) . This approach performs a bootstrapping of half-hourly EC measurements, generating 200 artificial replicates of the data set with different sized data gaps and a u * threshold estimate for each. Then, lower, median, and upper (5%, 50%, and 95% of the bootstrap, respectively) estimates of u * are determined and NEE and FCH 4 are calculated for each estimate of the u * threshold. NEE estimates were then partitioned to obtain R eco and GPP for each u * threshold, with propagated error and uncertainties estimated based on the confidence intervals determined from the bootstrapping (Wutzler et al., 2018 The portion of reflected photosynthetically active radiation, a proxy for vegetation physiological activity (Burba & Verma, 2001) , was similar at the site for the periods June-November of 2016 and March-June 2017 (~5.9%). However, it increased significantly between December 2016 and February 2017 due to snow and ice on the ground (average value was 24.8%). Albedo was, on average, 15.5% during the whole study period, with higher values observed during December-February (around 30%). Monthly values are shown in Table S2 .
Footprint Analysis and Land Cover Classification
The footprint analysis revealed that 90% of the fluxes came from within a 60-m radius from the tower. The land cover classification analysis indicated that flux footprint encompassed open water areas corresponding to 18 ± 5% of the total footprint area. Additionally, there was spatial structure within the footprint, with higher water cover was observed to the north-west of the tower compared to the south-east. This spatial arrangement led to differences in open water areas during the different seasons due to seasonal changes in airflow patterns. The accuracy of the land cover classification was estimated to be 76% based on the error matrix.
3.3. Temporal Dynamics of EC-Derived C Fluxes 3.3.1. Seasonal Trends of Ecosystem Scale CO 2 Fluxes (NEE, GPP, and R eco ) Monthly contributions of GPP and R eco to ecosystem-scale NEE are shown in Figure 4a and 
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Seasonal Trends in Ecosystem Scale CH 4 Flux
High CH 4 emissions were observed during the warmer and drier summer months (June-August), while emissions were close to zero during the winter when temperatures were low and precipitation was high ( Figure 4 and Table S3 ). Monthly ecosystem-scale CH 4 fluxes ranged from 0.1 ± 0.1 (January 2017) to 4.2 ± 0.5 g CH 4 -C·m −2 ·month −1 (July 2016). In total, the annual net ecosystem CH 4 flux was 12.7 ± 1.2 g CH 4 -C·m −2 ·year −1 . Combining FCH 4 and NEE indicated that the ecosystem acted as an annual C sink, taking up 45.0 ± 16.8 g C·m −2 ·year −1 (Table S3) .
Diurnal Patterns of NEE and CH 4 Fluxes
The magnitudes and diurnal patterns of NEE and CH 4 fluxes were markedly different at the site for the growing and nongrowing seasons (Figure 5a ). During the growing season, hourly NEE values ranged between −6.7 and 4.2 μmol·m −2 ·s −1 . High CO 2 uptake mostly occurred between 9:00 and 17:00 PST, while low CO 2 emissions occurred at night. EC fluxes showed that the study site was a CO 2 sink during the growing season, with a daily average of −0.6 ± 3.0 g C·m
. During the nongrowing season, a much lower range of hourly NEE values was observed (from −1.7 to 1.5 μmol·m −2 ·s −1 ), with CO 2 emissions observed during much of the day, and a reduced window of limited CO 2 uptake from 10 am to 2 pm local time. EC fluxes suggested that the study site acted as a CO 2 source during the nongrowing season, emitting on average 0.3 ± 1.0 g C·m
Regarding CH 4 , the study site was observed to be a consistent source during both growing and nongrowing seasons (Figure 5b ). Daily emissions were considerably larger during the growing season (daily average of 62.0 ± 2.5 mg C·m −2 ·day −1 ) than during the nongrowing season (8.1 ± 0.9 mg C·m −2 ·day −1 on average).
Overall the site acted as a CH 4 source throughout the 24-hr cycle during the whole year. There was little diurnal variability observed in the nongrowing season, although a more pronounced diurnal course, with emissions reaching on average about 70 nmol·m −2 ·s −1 15:00 PST during the growing season.
Temporal Dynamics of Dissolved CO 2 and CH 4 Fluxes
Concentrations of dissolved CO 2 and CH 4 from the five water-sampling locations showed that water was supersaturated in CO 2 and CH 4 relative to atmospheric concentrations throughout the whole study period. Dissolved CO 2 concentrations were, on average, 2.7 mg CO 2 -C L −1 (excess partial pressure of CO 2 (epCO 2 ) of 9.3), with higher concentrations observed during September. Dissolved CH 4 concentrations followed the same temporal trend as CO 2 concentrations, with a median value of 0.03 mg CH 4 -C L −1 (epCH 4 of 307.8)
during the study period ( Figure 6 ). In the boxplot, the lower and upper hinges correspond to the first and third quartiles. The upper whisker extends from the hinge to the largest value no further than 1.5 IQR from the hinge (where IQR is the interquartile range). The lower whisker extends from the hinge to the smallest value at most 1.5 IQR of the hinge. NEE = net ecosystem exchange.
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The water surface behaved as a C source for all sampling dates throughout the whole study period for both gases. During the June-September period, the water table was lower than the bottom of the open pools targeted for sampling, and as such no samples were collected. While other pools remained wet, they were difficult to access from safety and Sphagnum standpoints. C fluxes from the pools measured by headspace equilibration ranged between 36.8 to 953.3 mg CO 2 -C·m −2 ·day −1 and 0.1 to 239.6 mg CH 4 -C·m −2 ·day −1 .
DOC Concentration and Drainage Flux From the Study Site
DOC water concentrations were high throughout the study period, averaging 38.3 ± 13.7 mg C L −1 for all locations over the entire year. Concentrations were higher on the sampling locations further away from the EC tower (Figure 7a ), with the highest values for DOC observed at location 1 (50.9 ± 8.8 mg/L) followed by site 2 (46.1 ± 5.6 mg C L −1 ), and locations 3 and 4 (34.8 ± 3.2 and 38.8 ± 4.7 mg/L, respectively). Sampling location 5, the closest to the EC tower, had the lowest mean [DOC] (29.1 ± 4.5 mg/L).
In terms of DOC drainage fluxes, lower values were observed during the warmer periods. From October to November the fluxes increased, reaching maximum values in November 2017 (Figure 7c ). Then the fluxes decreased until February 2017 when the water was frozen for a short period. In March, the flux increased again due to high precipitation in that month, but afterward it remained low throughout the drier growing season through the end of the study period. DOC export was negligible during February 2017 when water froze because of low temperatures, and again in late June-August 2016, when the low water table (Figures 3c and 7b ) reduced the movement of water out of the study site. Overall, the annual DOC export was 15.6 ± 3.2 g C·m
·year −1 , with 11.0 ± 2.7 g C m −2 during the nongrowing season and 4.6 ± 1.5 g C m −2 during the growing season (Figure 7c ). Monthly fDOCs are presented in Table S3 .
Seasonal and Annual C Budget
From our measurements, we were able to quantify the site NECB for growing and nongrowing seasons as the sum of ecosystem-scale EC-derived CO 2 and CH 4 fluxes plus the DOC drainage flux (where positive values indicate fluxes out of the system). We assumed that the downward movement of DOC below the root zone by deep drainage of water was negligible. We found marked differences in NECB between the nongrowing and the growing season (Figure 8 ). During the nongrowing season, EC data indicated that the site was a source of gaseous C fluxes to the atmosphere totaling 52.4 ± 13.7 g C m −2 per season, of which only 3% was CH 4 (Figure 8a ). When accounting for the DOC exported from the system in drainage water during nongrowing season, we found an additional C export of 11.0 ± 2.7 g C m −2 per season and a resulting NECB of the study site of 63.4 ± 6.1 g C m −2 per season during the nongrowing season. Thus, the DOC drainage flux increased During the growing season, the study site turned into a C sink as indicated by the NECB = −93.1 ± 15.9 g C m −2 per season (Figure 8b ). Growing season CO 2 absorption (GPP) was 334.0 ± 14.9 g C m −2 per season, 5.7 times higher than during the nongrowing season. Due to larger ecosystem-scale C fluxes during the growing season (particularly the CO 2 fluxes), as well as lower water fluxes during the growing season due to lower rainfall and higher ET, the relative importance of fDOC considerably decreased during the growing season (only 4.6 ± 1.5 g C m −2 per season). fDOC represented only a 5% of the EC-based estimate of C uptake (97.7 ± 40.7 g C m −2 per season) for the growing season, resulting in the NECB being only 5% lower than the net C flux determined by EC. During the growing season, the footprint overlapped with 10% of the open water area, with emissions from open water estimated to represent 10% of total C emission fluxes, comprising CO 2 (10% of total R eco ) and CH 4 (5% of total FCH 4 ; Figure 8b ).
Values of R eco , GPP, FCH 4 , and fDOC from the entire annual cycle were used to calculate the total NECB of the study area (Figure 9 ). GPP for the site was 393.1 ± 15.6 g C·m
·year −1 which slightly exceeded C total emissions. Annual ecosystem-scale gaseous C emissions from the site by EC were 345.8 ± 6.1 g C·m
, from which 96% were emission of CO 2 (R eco ) and only 4% were CH 4 emissions. Overall, and only considering land-atmosphere C exchange as measured by EC, the ecosystem acted as a C sink, storing −45.0 ± 16.8 g C·m −2 ·year −1 . However, lateral flux of DOC was estimated to be 
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Journal of Geophysical Research: Biogeosciences 15.6 ± 3.2 g DOC·m −2 ·year −1 , which represents 35% of the net C flux measured by EC for the whole ecosystem. Therefore, considering the fDOC drainage, the annual NECB in the study area was −29.7 ± 17.0 g C·m −2 ·year −1 . Open water areas emitted 6% of the CH 4 fluxes and 14% of the CO 2 fluxes measured by EC on an annual basis.
4. Discussion 4.1. Temporal Dynamics of C Fluxes in Peatlands 4.1.1. Ecosystem Scale EC-Derived Fluxes Based on our ecosystem-scale CO 2 and CH 4 fluxes determined using EC, we found that the site acted as a C sink on an annual basis for June 2016 to June 2017 (NEE + FCH 4 = −45.0 ± 16.8 g C·m −2 ·year −1 ), which is smaller than the magnitude of the C sink determined for the site by Lee et al. (2017) for June 2015 to June 2016 (NEE + FCH 4 = −160 g C·m −2 ·year −1 ). The higher C uptake found by Lee et al. (2017) for the previous annual cycle is likely due to the higher temperatures during both winter and summer and a much lower water table in summer during their study period in comparison with our study period. It is known that warmer temperatures are strongly related to higher CO 2 uptake, but can also be associated with higher CH 4 emissions, particularly with a water table close to the ground surface (Abdalla et al., 2016; Strack et al., 2008; Strachan et al., 2016) . Additionally, interannual variability of NEE tends to be high in peatlands (Dinsmore, 2009; Lafleur et al., 2003; Roulet et al., 2007) . Ecosystem scale CO 2 and CH 4 fluxes for other studies in similar ecosystems can be found in Christen et al. (2016) .
Seasonality was found to be an important feature of the C cycle at this site, which was a C sink during the growing season (NECB growing = −93.1 ± 15.9 g C m −2 per season), and a C source during the nongrowing season (NECB nongrowing = 63.4 ± 6.1 g C m −2 per season). This suggests that nongrowing season C fluxes offset almost 70% of the C uptake during the growing season, but that the site was a C sink on an annual basis. Roehm and Roulet (2003) also found that a peatland site in Quebec, Canada, was a CO 2 sink during the growing season (−130 g C m −2 ) but it emitted 36 g C m −2 during the winter. Other studies in similar ecosystems have shown that winter C emissions can greatly offset summertime C uptake (Alm et al., 1999; Lafleur et al., 2001 ).
CO 2 and CH 4 Concentrations and Evasion Fluxes
We were able to measure dissolved gaseous C concentrations and estimate gaseous C evasion from the site's pools using headspace equilibration and gas transfer velocities. The sampled water was always supersaturated with CO 2 and CH 4 . The gas concentrations found in this study (3.0 ± 0.1 mg CO 2 -C L −1 and 0.2 ± 0.01 mg CH 4 -C L −1 ) were higher than those observed in other peatland pools (Pelletier et al., 2015; Repo et al., 2007) , however they were similar to the concentrations found by Kuhn et al. (2018) in thaw ponds located at a permafrost wetland in northern Sweden (5.6 ± 0.3 mg CO 2 -C L ).
Gas evasion had a clear temporal pattern, with higher concentrations and fluxes observed during warmer periods and lower evasion rates during the winter. This seasonality has been reported widely in the literature and is mainly attributed to increased microbial activity during periods of warmer temperatures (Pelletier et al., 2014; Roehm & Roulet, 2003) . Additionally, we observed a slight increase in CH 4 evasion in February. Considering that some of the sampling locations had a thin layer of ice during late January, there could have been an accumulation of CH 4 during these months followed by CH 4 evasion during ice melt on February due to warmer temperatures. Dissolved C gases are known to accumulate in the water when the surface is frozen, only to be released later during spring melt (Aurela, 2004; Billett & Moore, 2008) . This effect, however, was not observed for CO 2 , which was emitted at a constant rate during the nongrowing season because the water was always supersaturated with the gas, although there was a slight increase of CO 2 evasion in late March.
By coupling EC measurements with land cover classification, we were able to obtain the relative contribution of open water to total ecosystem C fluxes. The footprint application to land cover classification was further conditioned based on water table level data which indicated that the water cover was negligible for 15 June 2016 to 14 September 2016 when the water table was well below the ground surface (Figure 3) . The total C (CO 2 + CH 4 ) gas evasion from the water surface inside the tower footprint found in our study (47.0 ± 2.4 g C·m ·year −1 for a subarctic peatland in the Western Siberia lowlands who measured gas evasion during 4-7 days using headspace equilibration, and then extrapolated that value to consider the whole growing season (100-120 days). Pelletier et al. (2014) reported higher evasion fluxes of 103.3 g C·m for CH 4 in an ombotrophic bog, in Ottawa, Canada.
DOC Drainage Flux (fDOC)
We estimated fDOC based on [DOC] and the residual of the water balance. This approach for Burns Bog is based on P as the only water input to the strictly ombotrophic bog (Hebda et al., 2000) . fDOC varied considerably between nongrowing (11.0 ± 2.7 g C m −2 per season) and growing (4.6 ± 1.5 g C m −2 per season) seasons at our study site. This seasonality was linked to changes in temperature and P. There was limited water movement out of the bog during warm periods when the water table was deeper and P was low. Thus, even though [DOC] were high, fDOC was low during warm and dry periods. Once P increased in November, fDOC also increased. A second peak in fDOC was observed in March, which matches the increase in water table level due to increased P. These results are consistent with previous studies that show the dependence of fDOC on water table level, temperature and P events (Blodau, 2002; Strack et al., 2008) . The annual value of fDOC for this study (15.6 ± 3.2 g C·m , which were also based on annual P and ET. Overall, DOC was exported from the study area during most months. However, DOC export was negligible during February 2017 when surface water froze because of low temperatures, and from 15 June 2016 to 14 September 2017, when the low water table (Figure 3 ) minimized the movement of water out of the study site.
The Role of Open Water in Ecosystem-Scale CO 2 and CH 4 Fluxes
Our study shows the importance of recognizing the contribution of CO 2 and CH 4 evasion from open water areas over an entire annual cycle. During both growing and nongrowing seasons, the estimated C evasion from pools contributed greatly to R eco and CH 4 emissions. Allocating fluxes to open water areas allows us to understand better the drivers and mechanisms which control C release from peatlands, which in turn is important in order to improve management and modeling of terrestrial C pools (Kling et al., 1991) . For instance, Kuhn et al. (2018) showed that adding C emissions from ponds in a northern permafrost wetland to the annual C budget could reduce the C sink by~39%. Therefore, this knowledge is particularly relevant for restoration strategies, which are mainly based on raising the water level to encourage the recovery of native wetland vegetation.
Our results suggest that changes in the water level could lead to higher C emissions to the atmosphere, especially during the growing season. This was also found in a study by Waddington and Roulet (2000) , in which temperature and the timing of precipitation during the growing season were determinants of the seasonal C balance, such that the ecosystem could be a source or a sink of C depending on these factors. Additionally, 
10.1029/2019JG005123
Journal of Geophysical Research: Biogeosciences Pelletier et al. (2014) indicated that peatlands with pools that cover more than 37% of the area could turn the ecosystem into a C source. Our results show that if the water table in Burns Bog is raised enough to remain high during the growing season, the study area could switch to a C source. A recent study by Hemes et al. (2018) suggests that wetland restoration could focus on intermittent water table drawdowns to control greenhouse gas emissions, which tend to increase following rewetting. However, a raised water table is also accompanied by expansion of wetland vegetation through paludification (i.e., the in-filling of shallow water bodies through peat formation, Hebda et al., 2000) , so that even though there is an initial increase in C emissions due to the presence of open water, they will decline over time and C uptake would be more dominant, thus resembling a natural bog ecosystem.
To understand better the processes that are driving the fluxes in the bog, and its future after restoration and considering climate change, it is important to have a detailed description of the site. In this study, we provided a first-order estimation of the water cover in the area, which allowed us to give an estimate of C evasion from water. However, more work is needed. Particularly, it is important to discriminate between the different microforms present in the bog (hummocks, hollows, lawns, and pools) and to allocate C fluxes to each of them. Each microform could have a different response to climate and hydrological conditions. For example, Waddington and Roulet (1996) found that, for a boreal peatland in Sweden, hummocks were a C sink, whereas hollows and pools were a C source. This variability was attributed to the maximum differences in temperature and water table that occur at the microscale. Similarly, Strack et al. (2006) showed that a water table drawdown of~20 cm in a poor fen in Québec, Canada, increased GPP at lawns and hollows, but decreased GPP at hummock sites. These variations were due to changes in vegetation at all sites (Sphagnum moss coverage decreased at hummocks, sedges invaded lawns, and pools where colonized by Sphagnum).
Weekly or monthly mapping of the changes in vegetation and water level of the study area using high resolution satellite images could be very useful to evaluate the ecosystem dynamics and link them to aquatic and terrestrial C fluxes.
Role of DOC on NECB Estimation in Peatlands
Our results showed that the role of fDOC on peatlands can substantially affect the NECB. Here, not accounting for fDOC causes our study area to appear to be a stronger C sink than when accounting for fDOC (NECB of -29.7 ± 17.0 g C·m −2 ·year −1 when considering fDOC vs gaseous C fluxes of −45.0 ± 16.8 g C·m fDOC at the study site was particularly high during the wetter nongrowing season (Figure 7 ). During this season fDOC at the site (11.0 ± 2.7 g C m −2 per season) was equivalent to 21% of net gaseous fluxes (52.6 ± 13.7 g C·m −2 per season from CO 2 and CH 4 fluxes) as estimated by EC (Figure 8a ). This indicates that during the nongrowing season, only accounting for EC-derived ecosystem-scale C fluxes significantly underestimated the C losses from the study area. During the growing season, on the other hand, the magnitude and relative importance of fDOC decreased ( Figure 8b ) and was about 5% of the total C fluxes as estimated by EC. Our results highlight the importance of fDOC as a component that should be considered in the NECB for peatlands in order to accurately determine whether the ecosystem is acting as a C sink or source.
Summary and Conclusion
Several studies have estimated the C budget of peatlands using EC to calculate ecosystem fluxes (e.g., Strack & Zuback, 2013; Wang et al., 2014; Lee et al., 2017) . However, lateral fluxes of DOC and C evasion from open water or pools are typically either not considered or excluded when estimating the C budget of an ecosystem (Webb et al., 2018) , although these could potentially have a significant contribution to the NECB. Knowing the contribution of dissolved evasion as CO 2 and CH 4 can help to understand the processes that contribute to NECB. This is of particular importance for heterogeneous landscapes that integrate freshwater, marine, and terrestrial ecosystems (Chapin et al., 2006) , and even more so for an ecosystem in the process of restoration (Hemes et al., 2018; Jarveoja et al., 2016; Strack & Zuback, 2013) .
This work provides an integrative characterization of C flux dynamics, including CO 2 and CH 4 evasion fluxes from open water areas, CO 2 and CH 4 fluxes determined at the ecosystem scale using EC, and fDOC to determine NECB on a study site within Burns Bog, a peatland in the Fraser River Delta, British Columbia, currently under hydrological restoration. Our results showed a strong seasonality on NEE and CH 4 fluxes from the study site mainly governed by temperature, P, and water table level fluctuations. We found that gas evasion from the water surface is an important pathway of C release to the atmosphere, as the water behaved as a C source throughout the study period. C evasion from pools inside the tower footprint was a significant contribution to ecosystem-scale R eco and CH 4 emissions measured by EC during the study period. Additionally, our results have shown that fDOC is important in this ecosystem, especially during the nongrowing season, when water table and water drainage increase. We also found that neglecting fDOC would lead to an underestimation of the C loss from the study area. Allocating fluxes to open water areas, as we did, will support the formulation of well-informed hypotheses regarding future C fluxes resulting from restoration activities in concert with climatic change processes.
